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1. INTRODUCTION

The heat sources in the atmosphere are
primarily due to latent heat release within deep
cumulus clouds and, therefore, they are not only
the cause of the motion but a consequence of the
motion as well. Understanding the nature of this
coupling 18 crucial in parameterizing cumulus
clouds, in which we attempt to quantitatively for-
mulate the collective effects of subgrid-scale
cumulus clouds in terms of the prognostic varia-
bles of resolvable scale.

While concentrating on the thermodynamical
aspects of parameterizing deep cumulus clouds,
Arakawa and Chen (1987) noted that the closure
assumptions in the existing schemes are some comr-
binations of the four types given below.

Type I: Constraint on the coupling of net varm—
ing and net moistening by assuming the
existence of equilibrium states.

Type II: Constraint on the coupling of Q4 (appar-

ent heat source) and Qy (appsrent mois~-
ture sink) through a cumulus ensemble
model.
Type II11: Constraint on the coupling of cloud mass
flux with the large-scale vertical mass
flux at cloud base and/or the surface
turbulent fluxes.
Constraints directly on the coupling of
Qq and Q2 with advective (and boundary-
layer) processes.

Type IV:

In the Arakawa-Schubert scheme (Arakawa and
Schubert, 1974), the type I closure is the equi-
librium of cloud work function, A(\). Here )\ 1is
the fractional rate of entrainment, which 1s used
as a parameter to identify cloud type, and A(\) is
the work done by the buoyancy force per unit mass
flux at cloud base. Following Arakawa and Schubert
(1974), we can express the cloud work function as

z{(\)
A\) = f B(Z){L(qs - qg) + hg - hg, + Jzn(z',x)
ZB ZB +

[xL(q(z') - q%(zH) - ah‘(z')/az']dz'}dz ,

1)
where z, and z(\) are the heights of cloud base
and cloud top, q 1s the mixing ratio of water va-

Por, h 18 the moist static energy given by
cpl + gz + Lq, q* is the saturation value of q, h*
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is the saturation mgist static energy given by
cp'I‘ + gz + Lq*, n(z3\) i3 the cloud mass flux
normalized at  clogi base, which satisfies
an(z,\)/dz = \n(z,\), the subscripts S and B+
denote an arbitrary 1level within the subcloud
mixed layer and a level slightly above the mixed
layer, respectively, B = g/cpT(i + v), and ¥ =
(L/cp)(aq‘/aT) . It should be noted that the type
I closure in t;:)his scheme gives a constraint only
on the coupling of the temperature and humidity
profiles.

The cloud work function for the deepest
clouds, for which A\ = 0 and n(z,\) = 1, becomes

\

Z z 8
T . ah*(z*) . 1. %
A = | B(z)[L(qS -qy - [ T ]dz
Zg Zg
(2)
Here is the height of the deepest cloud top.
Since "3h*/3z = ~(1 + yYXT - I'y), where .X'. ig the

moist-adiabatic lapse rate, and - = —-(1 -
RHg)q*, where RHg is the relatiVe huaidity at
level S, the equilibrium 3A(0)/3t = 0 means that
for a fixed Tg, changes in RHg and I =~ T, are

negatively correlated if deep cumulus clouds
exist.

The type II closure in the Arakawa—Schubert
scheme 1is 1implicit in the use of a cumulus ensem~
ble model, in which both Qq and Qp are expressed
in terms of a single one-dimensional variable
Mp(\), the cloud-base mass flux. Those expressions

are
Py

Here £(z) 18 the liquid water mixing ratio of the
cloud air that are detraining at level z; D(z) is
the mass detrainment from clouds per unit height
at level z, given by

-pLE + H.as/oz , 3

DL(E + q* - @ + M L3q/3z . (4)

D(z) = -MMInez,MdN/dz ; (5)

Mg(\)d\ 18 the cloud-base mass flux due to clouds
wvhose fractional rate of entrainment 1is between
% and X\ + d\; £(z) 18 X\ of the clouds detraining
at level z; and Mc(z) 18 the total cloud mass flux
at level z, given by

xnax
WJ2)=IQ

vhere \gax 18 the maximum value of .

CRONLICRNT (6)

The terms



involving Mc in (3) and (4) represent warming and
drying of the environment through cloud-induced
subsgidence. Substituting (S) and (6) 1into (3)
and (4) and eliminating Mp(\), we obtain integral
relations that couple Q4 and Q. The relations
may be formally written as

2z

J'T (Flz,z90,2") + Glz,20,z' Nz = 0 (D

z

for all z ¢ z.. For a layer in which the detrain~
ment effects are neligible, (7) can be greatly
simplified. Dropping the detrainment terms and
eliminating Mc between (3) and (4), we obtain

01/(88/32) - 02/(—Laq/az) =0. (8)

2. PRELIMINARY RESULTS WITH LOW VERTICAL
RESOLUT ION

In the paper Arakawa and Chen (1987), we
emphasized that observations should be used more
extensively than in the past to directly verify
and improve closure assumptions and to assess the
limit of parameterizability. The paper presented
preliminary results from an analysis of the
macrogscopic behavior of moist convection, which
are summarized below.

The analysis was divided into two catego—
ries. To study type I closure, we analyzed a
number of vertical profiles of temperature and
humidity to find statistical constraints on their
coupling under the existence of moist counvection
(type I coupling). To study type II closure, we
analyzed a number of vertical profiles of Qq and
.Qz, which vere obtained as residuals in the ob-
served budgets, to find statistical constraints
on their coupling (type II coupling). One of the
principal datasets we used is the 3-hourly "GATE
dataset", which is a subset of the gridded data
for v, @ and q analyzed by Ooyama, Esbensen and
Chu (see Esbensen and Ooyama, 1983). To obtain
Q4 - Qg, vwhere Qg is the radiative heating rate,
the gridded data for Qg given by Cox and Griffith
(1979) were used. Another principal dataset we
used 1s the 12-hourly "Asian dataset”, wvhich is
a subset of the gridded dataset analyzed by He et
al. (1987) over Asia for the period of April 16
through July 4, 1979. The subset consists of
data at 10 grid points over India and 14 grid
points over eastern Asia mostly over China. No
correction of Q4 by Qp was made for this dataset.

Before making a detailed statistical anal-
ysis, we performed a "quick-look" analysis of the
two datasets. To see type I coupling, we plotted
Iy vs. RHg, where Fy is a normalized lapse rate
given by (I -~ Tpg)/(I'q - Fpg), T 1is the mean
lapse between the surface and 500 mb, Cps is the
moist-adiabatic lapse rate at the surface and Igq
i8 the dry-adiabatic lapse rate. A striking fea-
ture of these plots 1s the clustering of the
points around the cloud work function equilibrium
curve for deep clouds, showing a high negative
correlation between Iy and RHg. As anticipated,
the scatter of the points are less in the plots
for precipitating cases. To see type II coupling,
we plotted 61 vs. 62 for each layer in the verti-

cal, wvhere
Q, = Q,(-L3q/3z)/(38/3z)(~L3q/3z) ,
1 1 (9)
02 = Oz(aslaz)/(3§/az)(-Laﬁlaz) ,
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and the overbar denotes the time average.
GATE dataset, Q4 - Qp 13 used ag Q4 1in (9). These
plots show that 61 = (z i8 a good first approxima-
tion. In view of (8), this suggests that subsid-
ence between clouds is primarily responsible for
Qq and Q3.

For the

Encouraged by the results of the "quick-
look" analysis, we studied the coupling between
two variables in more detail. The method we have
chosen 1s the canonical correlation analysis (see,
for example, Cooley and Lohnes, 1971). In our
application of this analysis, ve consider a pair
of two variables, X and Y, and treat their verti-
cal profiles as vectors X and Y. Given a statis-
tical sample of observed ,’5 and X, we first remove
the respective sample mean from each vector. We
then consider linear transformations from X to X'
and from Y to Y' The transformations are chosen
in such a uay'that each pair of the transformed
components, (X4, Y4), (Xz, Yz) ... has (locally)
maximum correlation for the given sample. The
(orthogonal) transformed components obtained in
thig way are the canonical components of X and Y.
By examining the correlation and assoctated var-
iances for each pair of the canonical components,
we determine how strongly the verticle profiles
of X and Y are coupled.

For the canonical correlation analysis of
coupling, Arakawa and Chen (1987) chose
and L(q - q*) of the Asia dataset as X

. This choice was guided by (1). The values

of L(q - q*) at the surface, 850 mb, 700 wmb,

$00 mb, 400 mb, 300 mb, 250 mb, 200 mb and 150 mb,
and the mean values of —-3h*/3Z for the layers be—
tveen these levels were used. The correlation
coefficients are 0.934 for the first component and

0.826 for the second component.

100 1

i Lig-q9

pressure (mb)

200 300
(c)y?

o 100 400

Fig. 1. Accumulated variances of —-(3h*/3z) x 2 km
and L{(q - q®) for the Asian dataset. The solid
and stippled bars represent the contributions from
component 1 and 2, respectively. The unit is
equivalent to 9C when divided by Cp-

Figure 1 presents the accumulated variances
of ~3h*/3z and L(q - q*) at each level (or for
each layer). A striking feature of this figure is
that large variances are almost entirely duve to
the two highly-correlated components. This indi-
cates that the type I coupling is very strong.
Figure 2 presents the vertical structure of the
deviations from the sample mean due to each compo-
nent. When the deviation of L{q - q*) due to the
first component is positive (relatively moist) at



the surface, as in the figure, that of -3h*/3z is

negative (relatively stable) for the layer above.

This is consistent with the result of the "quick-~

look”" analysis. In contrast to the first compo-~

nent, the second component has a finer vertical

structure for both -3h*/3z and L{(q - q®). Since

components 1 and 2 have no correlations, the struc-
tures of components 1 and 2 can be either positive-
ly superposed or negatively superposed. When posi-
tively superposed, the vertical structures are

more confined near the surface for both -3h*/3z

and L(q - q*) than the case of component 1 alone;

the opposite is true when negatively superposed.
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Fig. 2. Vertical structure of the deviations of
-(3h*/3z) x 2 km (solid lines) and L(q - q*)
(dashed 1lines) from the sample mean due to one
standard deviation of each component.

Type 1I coupling

For the GATE dataset, Qp — Qg and Q; were
chosen ag X and Y. The correlation coefficients
are 0.947 for the first component, 0.736 for the
second component, and 0.651 for the third compo-
nent. For the Asian dataset, Q4 and Qp are chosen
as X and Y. The correlation coefficients are 0.845
for the first component, 0.324 for the second
component, and 0.095 for the third component. It
is not clear whether the lower correlations for
the Asian dataset are due to poor data quality,
including errors in computed w, or due to the use
of Qi instead of Q4 - Qp, or due to differences
in physical situation between the two regions.

Figures 3 and 4 present the accumulated
variances for the GATE and Asian datasets, respec—
tively. Although it 1s not as striking as for the
type 1 coupling, we see from these figures that
large total variances are mainly due to the highly-
correlated components.
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Fig. 3. Accumulated variances of Qq - Qg and Q2

for the GATE dataset. The solid, darkly-stippled
and lightly-stippled bars represent contributions
from components 1, 2, and 3 respectively. The
unit for Q4 - Qp and Qp is equivalent to °C day™?
wvhen divided by <p-
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Fig. 4. Same as Fig. 3 but for Q4 and Qz for the

Asian dataset.

Figure S5 presents the vertical structure
of the deviations from the sample mean due to
each component. We can interpret different super-
positions of these components as different re-
gimes of moist-convective processes. We note
that, in spite of the differences in correlation
coefficients, the vertical structures for each
component are very similar between the two data-
sets. Generally the maxima and minima for the
Asian dataset appear at higher levels than for the
GATE dataset. This is presumably due to generally
higher cloud bases for the Asian dataset.

3. RESULTS WITH HIGH VERTICAL RESOLUTION

We are continuing the canonical correlation
analygis for type I and type II coupling, but
using the data with higher vertical resolution,
The dataset we are now using for type 1 coupling
18 the VIMHEX dataset (see Betts and Miller, 1975)
for a single station in north-central Venezuela
for the period of 22 May through 6 September, 1973.
The vertical resolution of 25 mb i8 used for the
analysis, although the interval 100 mb is used for
calculating 3h*/dz. The dataset we are using for
type II coupling ie the GATE dataset with the orig-~
inal vertical resolution used by Ooyama, Esbensen
and Chu.
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Fig. S. Vertical structure of Q4 - Qg or Q4
(solid lines) and Qz (dashed lines) from the sam
ple mean due to one standard deviation of each
component. Left and right panels are for the GATE
and Asian datasets, respectively.

The correlation coefficients for the type I
coupling with the VIMHEX dataset are 0.980 for the
first component, 0.766 for the second component
and 0.665 for the third component. We have found
that most of the variances are due to these three
components. This indicates that the type I cou-
pling is strong also for this dataset. The verti-
cal structures due to the first and second compo-
nents are similar to those shown in Fig. 2, al-
though the vertical extent of the first component
is shallower for this dataset.

The correlation coefficients for the type
II coupling for a-10 x 10 grid box with the high-
resolution GATE dataset are 0.928 for the first
component, 0.747 for the second component and
0.484 for the third component. Figure 6 presents
the accumulated variances showing that the large

total variances are mainly due to these components.

Figure 7 presents the vertical structures of the
deviations from the time mean due to each of the
first and second components. These structures are
similar to those shown in Fig. 5 except that the
deviation of Qz due to the second component is
larger at lower levels. We are currently analyz-—
ing the time sequences of these components and
interpreting the result in view of the processes
that are responsible for Qq and Q.
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Fig. 7. Same as Fig. S but for the first and sec-
ond components with the high-resolution GATE data-
set.

ACKNOWLEDGEMENT

This material is based upon work supported
jointly by the NSF and NOAA under Grant ATM-
8515013 and by NASA under Grant NAG 5-789.

REFERENCES

Arakawa, A., and W. H. Schubert, 1974: Interac-
tion of a cumulus cloud engsemble with the
large-scale environment. Part I. J. Atmos.
Sci., 31, 674-701.

, and J.-M. Chen, 1987: Closure assumptions
in the cumulus parameterization problem. To be
published in a special volume of J. Met. Soc.
Japan.

Betts, A. K., and R. D. Miller, 197S: VIMHEX-1972
ravinsonde data. Atmos. Sci. Res. Report,
Colorado State University.

Cooley, W. W. and P. R. Lohnes, 1971: Multivari-
ate Data Analysis. Wiley, New York, pp. 364.

Cox, S. K., and K. T. Griffith, 1979: Estimates
of radiative divergence during Phase III of
the GARP Atlantic Tropical Experiment: Part I,
Methodology. J. Atmos. Sci., 36, 576-58S.

Esbensen, S. K., and K. V. Ooyama, 1983: An objec-
tive analysis of temperature and relative humid-
ity data over the B and A/B ship arrays during
Phase III of GATE. Department of Atmospheric
Sciences, Oregon State University. 87 pp.

He, H., M. Yanai and J. W. McGinnis, 1986: The
effects of the Tibetan Plateau on the Asian
summer monsoon of 1979. To be published.



